Scar Remodeling and Transmural Deformation
After Infarction in the Pig J.W. Holmes; H. Yamashita, MD; L.K. Waldman, PhD; J.W. Covell, MD Background Changes in stress and tissue material properties have been proposed as important mechanical factors that may influence infarct expansion and subsequent healing. Because such changes will be reflected by alterations in the finite deformation of the tissue, we examined the direction and magnitude of myocardial deformation after coronary ligation in the pig.
Methods and Results Gold beads were implanted in the left ventricular free wall of five pigs. After ligation of the coronary supply to the region containing the markers, we used biplane cineradiography to reconstruct the three-dimensional deformations of the myocardium during single cardiac cycles as well as the remodeling deformations that occurred over time. Deformations were studied at 1 and 3 weeks after infarction. The analysis of single cardiac cycles revealed permanent loss of systolic shortening immediately after ligation. However, significant passive systolic wall thickening (P<.001) and large shears were observed at 3 weeks in regions composed almost entirely of collagen. The analysis of remodeling deformations at 1 week revealed infarct expansion with a predominant axis that varied widely. At 3 weeks, a 30% to 60% reduction in local tissue volume was measured in the infarct region, with the principal direction of scar shrinkage nearly circumferential in all animals (range, -2°to 350).
Conclsions We conclude that infarct expansion and scar shrinkage may be controlled by different factors. In addition, we conclude that measurement of systolic wall thickening alone is not always adequate to assess postinfarction regional contractile function. (Circulation. 1994 ;90:411-420.)
Key Words * infarction * scar * collagen M yocardial infarction is followed by significant changes affecting the tissue composition, geometry, and function of the infarct region and the left ventricle as a whole. One early change is infarct expansion, which is defined by Weisman and Healy' as a fixed, permanent, disproportionate regional thinning and dilatation of the infarct zone. Expansion occurs in 35% to 40% of anterior transmural infarcts' and is associated with an increased incidence of congestive heart failure,2 aneurysm formation, myocardial rupture,3 and overall mortality.2'4 Studies have suggested that expansion begins in the first few days after infarction,2,5-7 occurs primarily in transmural infarcts involving > 10% of left ventricular mass,4 5 and involves slippage of cell bundles relative to one another. 8 Scarring occurs later in the course of postinfarction remodeling and is associated with shrinkage of the damaged area and resulting improvement in ventricular function.9-1" A number of authors have suggested that wall stress plays a critical role in expansion and ventricular remodeling.5 '12 It is likely that wall stress is also important to the scarring process. Because wall stress cannot be directly measured in vivo, the goal of the present study was to make some progress toward assessing the effects of wall stress by providing a fully threedimensional description of remodeling and functional changes after transmural infarction.
To date, studies of infarct expansion have included postmortem morphological examinations of hearts from humans,36 dogs,413 or rats,5 as well as echocardiographic studies.2'10'14"5 Each of these techniques has advantages and disadvantages. Postmortem examinations allow only one observation to be made on each animal; they provide information about remodeling but not about function. Serial echocardiographic studies allow longitudinal studies of function in a single animal; however, positioning of the transducer requires the use of landmarks that may change during ventricular remodeling. Jugdutt et al14"5 avoided this problem by using implanted epicardial landmarks in animals. Although magnetic resonance imaging tagging techniques show great promise for precise, noninvasive measurements of local deformation,16-'8 they provide only limited information about remodeling over time, because tissue remains tagged for only a few seconds.
The ideal technique for examining local changes after infarction would allow small pieces of myocardium to be permanently marked and then tracked as they became deformed with each cardiac cycle and with remodeling over time in a single animal. The advantage of the implanted radiopaque marker technique is that it allows the same points in the myocardium ("material points" in the language of continuum mechanics) to be imaged throughout the cardiac cycle at any time after infarction.7
Previously, Theroux et a19 followed single segments over time after experimental infarction using pairs of ultrasonic crystals, whereas Kass et a17 similarly followed the epicardial surface using radiopaque markers.
Our study extends the use of radiopaque markers to three dimensions. In combination with finite deformation theory, this approach provides a complete description of all deformation occurring in a transmural col- umn of myocardial tissue within the infarct region during individual cardiac cycles and resulting from remodeling between the time points examined. With this method, changes in wall thickness, transmural thickening, circumferential and longitudinal shortening, and tissue volume were tracked simultaneously. The results suggest that expansion may occur simultaneously with scarring and does not relate simply to the global geometry of the left ventricle or the local geometry of the infarct, two factors that might be expected to influence local wall stresses. In the case of scarring, the data reveal a process unlike that of infarct expansion, with shrinkage that occurs consistently in the circumferential direction. Systolic function in the infarct region diminished as expected after coronary ligation in all animals. However, significant passive systolic wall thickening was observed in scar tissue at 3 or 4 weeks after infarction.
Methods

Bead Implantation and Control Studies
The University of California San Diego is accredited by the American Association for Accreditation of Laboratory Animal Care (AAALAC). All experiments were conducted according to AAALAC guidelines for the use of animals in research, and protocols were approved by the University of California San Diego Animal Subjects Committee. Seventeen Hanford minipigs (Charles River Laboratories) were sedated with a combination of ketamine, xylazine, and atropine. Anesthesia was induced with halothane (3% to 5%) by mask, after which the animals were intubated, ventilated, and maintained with a mixture of oxygen and halothane (0.8% to 1.5%). Under sterile conditions, a left thoracotomy was performed, anterior portions of the fourth and fifth ribs were dissected free of the periosteum and resected, and the heart was exposed.
Following a modification of the technique described by Waldman et al,19 three columns of three or four small gold beads (0.9to 1.0-mm o.d.) were introduced into a region of the left ventricular free wall determined by visual inspection to be primarily supplied by one or two small branches of the left circumflex coronary artery (Fig 1) . Larger (1.6-mm) beads were sutured to the epicardium at the top of each column, the bifurcation of the left coronary artery (base reference bead), and the apex of the left ventricle (apex reference bead). The supplying branches were dissected free, and sutures were placed for later ligation.
Pressure was recorded with a SF to 7F pigtail catheter introduced through a femoral artery, positioned inside the left ventricle, and connected to a fluid-filled pressure transducer (Gould Statham P23) calibrated against a mercury manometer. Also recorded were an ECG (lead II) and camera shutter marks for correlation of cardiac events with cine film frames. All data were recorded on an eight-channel chart recorder (Clevite Mark 200). High-speed biplane cineradiography (16 mm, 120 frames per second) was performed to record the movement of the gold markers in the open-chest control state. Data were taken at three or more end-diastolic pressure (EDP) levels to facilitate matching of EDP between control and later studies; higher pressures were achieved by infusion with dextran (70% in 0.9% NaCl). After administration of intravenous lidocaine (40 mg), the dissected branch or branches of the left circumflex coronary artery were ligated. Imaging was repeated after 15 minutes of occlusion. Inotropic support (0.2 mg/kg dopamine) was provided as needed during the remainder of the control study only. Five animals died within 2 hours of ligation. At the completion of the control study, the chest was closed, the remaining air was evacuated, and the animal was allowed to recover.
Studies at 1 and 3 Weeks
Repeat studies were performed at 1 and 3 weeks after coronary ligation. Animals were again sedated, anesthetized, and ventilated with a halothane mixture. A pigtail catheter was introduced through a femoral or external carotid artery and positioned in the left ventricle. High-speed biplane cineradiography with simultaneous ECG, left ventricular pressure, and camera shutter recordings was repeated at the same values of EDP achieved in the control study. At the conclusion of the final study, the chest was opened via median sternotomy. The heart was arrested in diastole by hypoxia and perfusion-fixed with glutaraldehyde (2.5% in phosphate buffer) at a controlled cavity pressure20 equal to the EDP at which remodeling comparisons would be made for that animal. The fixed heart was excised for histological and morphological analyses.
Strain and Statistical Analyses
Strain analysis was performed only for those animals in which all markers were confined to scar tissue at autopsy. A Plexiglas phantom with beads embedded in known positions was imaged at the end of each study. The images were projected, and the two-dimensional coordinates of the embedded beads were digitized in each view. From these coordinates, a perspective calibration was determined. 21 The marker positions from the beating heart were then examined. Lateral and anteroposterior film frames differing by no more than 4 milliseconds were projected, and the coordinates of the marker centroids were digitized in each view. The threedimensional positions of the myocardial markers were reconstructed from the digitized centroid coordinates and the perspective calibration. The apex and base reference beads and the large surface beads above each column were used to define a cardiac coordinate system, with axes oriented along the local circumference of the left ventricle (X,), along the local longitude of the left ventricle (X2), and along a left ventricular radius (X3). 19.22 In this system, the third axis is an outward normal to the epicardial tangent plane (a plane tangent to the epicardial surface) at the centroid of the three large surface beads (Fig 1) .
A finite element was fitted to the reconstructed bead positions as described previously.23 The finite element method expresses the deformation of the finite element between a chosen reference state and a chosen deformed state as a set of Lagrangian strain profiles that vary continuously with control (reference) depth below the epicardial surface. In this study, strain values were recorded at 1-mm intervals (six or seven output points across the wall) from these continuously varying profiles. Normal strains, denoted Ell, E22, and E33, quantitate deformation along the XI, X2, and X3 axes, respectively.
Strains of zero reflect no change in length, positive strains reflect a stretch, and negative strains reflect shortening or shrinkage. E12, E13, and E23 quantitate shear, or the changes in angle between pairs of originally orthogonal axes. All end-diastolic fits were performed on coordinate data averaged over two cine frames (8 milliseconds) taken immediately before the pressure upstroke of isovolumic systole. End-systolic fits were performed on averaged data from three frames (17 milliseconds) taken 20 to 40 milliseconds before peak negative dP/dt. Systolic strains were calculated by specifying end diastole of a given cardiac cycle as the reference state and end systole of the same cycle as the deformed state. By contrast, remodeling strains were calculated by choosing end diastole at one time period (usually control) as the reference and end diastole at a later time as the deformed state.
Principal strains and their directions were also calculated from the deformations analyzed in this study. The principal axes form a unique coordinate system in which all shear components are zero, and deformation may be completely described by the strains along these axes, or principal strains (E1, E2, and E3). The ordering of the three principal strains is arbitrary. During systolic deformation, they are usually ordered from smallest to largest, so that El is the greatest shortening strain (nearly in-plane), whereas E3 is normally positive (nearly radial). In this article, we define the following ordering for principal remodeling strains: for infarct expansion, El is in the direction of greatest stretch (expansion), E3 is the principal strain closest to the radial direction, and E2 is the remaining principal strain. For scar shrinkage data, El is in the direction of greatest shrinkage, E3 is again nearly radial, and E2 is the remaining principal strain. We specify the directions of the principal axes by the angle between their projection onto the epicardial tangent plane and the circumferential direction ("in-plane angle"), which is similar to the standard method of presenting cardiac fiber angles, and by their deviation from a plane parallel to the epicardial tangent plane ("tip angle"). In averaging the tip angles, absolute values were used, so that a vector that points 200 out of the plane at three depths and 200 into the plane at three depths will have an average of tip angle of 200 rather than an (arithmetic) average of 00.24
All values are reported as mean+SD unless otherwise noted. Variations with depth below the epicardium and time following coronary occlusion were examined using an ANOVA with a two-way repeated measures design (SUPERANOVA v.1.1, Abacus Concepts). Differences with a value of P<.05 are reported as significant. The significance of differences from 0 was tested for individual strain components by calculating the t statistic. Because we were interested in changes accompanying remodeling of the left ventricle over time, acute ischemia data were not acquired for all animals and were not included in the ANOVA.
Infarct Morphology and Histology
After perfusion fixation with glutaraldehyde and removal from the chest, hearts were suspended from the valve rings in a jar of glutaraldehyde for 24 hours. After this time, all hearts and samples from hearts were stored in 10% buffered Formalin phosphate (Fisher Scientific). Approximately 1 week after initial fixation, each heart was filled with silicone rubber, which was allowed to harden. The heart was then skewered along the long axis of the left ventricle and sliced with a fixed scalpel blade while the skewer was rotated, resulting in slices perpendicular to the left ventricular long axis that were 7 to 10 mm thick. These slices were traced, and the epicardial and endocardial contours as well as the scar borders were digitized and recorded on an IBM PC. Using the average measured thickness and calculated areas from each slice, we reconstructed a left ventricular cavity volume, left ventricular wall volume, and scar volume for each heart.
The location and orientation on the left ventricle of the scars were determined by marking the scar borders with indelible ink on the epicardial surface of each slice, restacking the slices, and photographing the scar in relation to the entire left ventricle, particularly the base and apex reference beads and the surface beads of the three marker columns. The photograph was transferred to a Macintosh computer (Quadra 900 with DATA TRANSLATION DT2255 frame grabber), an ellipse was fitted to the scar contour (IMAGE v.1.44, National Institutes of Health), and the orientation of the major and minor axes of the ellipse relative to the base-apex axis of the left ventricle were recorded. The ratio of major to minor axis length was recorded for each fitted ellipse.
Finally, the small transmural block of cardiac tissue containing the marker columns was removed, embedded in paraffin, and sectioned each 0.5 mm below the epicardial surface at a thickness of 10 ,um. These sections were stained with Masson's trichrome, and the ratio of collagen area to total tissue area was determined in four different regions of each section at 
Results
Twelve animals survived the initial coronary occlusion. All myocardial markers were contained in scar tissue at autopsy in seven animals, which were included for strain analysis. Of these animals, one animal (pig 9) demonstrated no infarct expansion at 1 week. A second animal (pig 15) demonstrated functional evidence of ischemia at the control study. The data and average values that we present are from the remaining five animals.
Hemodynamics
Each animal was studied immediately before, 1 week after (6, 7, 7, 7, and 8 days), and 3 weeks after (21, 23, 23, 25, and 28 days) occlusion of a marginal branch of the left circumflex coronary artery. Average EDPs in the beats selected for analysis were (in mm Hg) 16.9+2.0 at control, 17.9+ 1.1 at 1 week, and 17.7+1.6 at 3 weeks. In the same beats, average end-systolic pressure (ESP) values were 78±3, 76±15, and 82±6 mm Hg, whereas heart rates were 91+17, 99+15, and 97+6 beats per minute. Due to the selection of matched beats, variations with time were not significant for EDP (P=.18), ESP (P=.65), or heart rate (P=.50).
Systolic Function
Mechanical function during individual cardiac cycles was assessed using the local deformation occurring between end diastole and end systole. Systolic normal strains from a representative animal are presented in This in-plane shortening was accompanied by wall thickening (positive E33), which increased with depth below the epicardium. During acute ischemia (15 minutes after occlusion), the normal contraction pattern disappeared, resulting in very little deformation at any depth. Similarly, at 1 week, very small strains indicated essentially no systolic deformation along any of the three axes at any depth. At again observed, with slight circumferential bulging suggested by the positive E1l (lengthening in the circumferential direction), shortening apparent in the longitudinal direction (negative E22), and substantial wall thickening (positive E33) present at all depths. Averaged systolic data for five animals demonstrated the same pattern of normal strains: in-plane shortening and wall thickening were apparent at control and absent during acute ischemia and the 1-week study. Some deformation, particularly wall thickening, returned at the 3-week study ( Fig 3A) . E1l, E22, and E33 were all significantly different from zero (P<.005) at the control study; E22 and E33 were again significant at the 3-week study (E22, P<.05; E33, P<.001). Two-way repeated measures ANOVA showed significant variation with time in all normal strain components (E1l, P=.006; E22, P=.027; E33, P=.052). Only EB2 demonstrated significant overall variation with depth (P=.013), with loss of shortening greatest at the midwall at both the 1-and 3-week studies.
Shear strains were small at all time periods except 3 weeks (Fig 3B) , during which the wall thickening reported above was accompanied by relatively large circumferential-radial (E13) and longitudinal-radial (E23) components. Only E13 (P<.001) and En (P<.005) at 3 weeks were significantly different from zero. Variation with depth was significant for both E12 (P=.0003, values more negative at the epicardium at all time periods) and E23 (P=.015, values more positive at the endocardium at control but at the epicardium at 1 and 3 weeks).
Local Remodeling: Changes in Volume
Changes in wall volume were calculated from the product of the three principal stretch ratios and expressed as the ratio of current volume to control volume. The average relative volume was close to 1.0 at all depths at 1 week (Fig 4) , indicating that the volume of tissue enclosed within our beadset at the 1-week study was not different from that at control. In contrast, the relative volume at 3 weeks after occlusion ranged from 0.7 near the epicardium to approximately 0.4 in the inner wall. Thus, a net volume loss of 30% to 60% occurred between the control study and the final study. Variation with time in these data was highly significant (P=.0001); variation with depth was not statistically significant (P=.078).
Local Remodeling: Remodeling Strains
Remodeling strains were calculated by comparing end diastoles at two different times and matched EDPs. The deformation between these two states represented not systolic contractile function but rather a physical remodeling that occurred in the region of the markers between the two times. 25 Remodeling strains for a single animal (pig 3, as used in Fig 2) occlusion, the tissue within our beadset experienced local stretch in the circumferential direction (positive E1l), lesser stretch in the longitudinal direction (positive Er=), and wall thinning (negative E33). The deformation described by this set of strains is an in-plane stretch accompanied by wall thinning, or infarct expansion. Between the control study and the final study, 3 weeks after occlusion, there was significant shrinkage in the circumferential uJ U,) thinning at the midwall (E33 approximately -0.2). The circumferential shrinkage that occurred at the epicardium between 1 week (end-diastolic length, > 120% of control) and 3 weeks (end-diastolic length, <60% of control) was >50% in this animal. Local Remodeling: Principal Strains and Directions Principal remodeling strains were calculated, and information from all depths was averaged for each animal. Five animals demonstrated expansion in some direction, with an average principal expansion strain ranging from 0.13 to 0.44; the in-plane angle of this expansion ranged from 29°to -86° (Table 1 ). The animal discussed previously (pig 3; Fig 5) , which showed approximately twice as much stretch over the first week in the circumferential direction as in the longitudinal, had an in-plane expansion angle of -30°. The first principal axis was nearly in-plane in all animals, with average tip angles between 16°and 29°. Values of E3 (nearly radial) were negative, reflecting the wall thinning that accompanied local expansion.
When the net remodeling that occurred between coronary occlusion (control study) and the final study (3 ----1 week * 3 weeks Principal strains and their directions are reported for the expansion and scarring processes and ordered as described in text. *For these two animals, shrinkage at 3 weeks is accompanied by continuing in-plane expansion in a nearly perpendicular direction (E2).
tFor this animal, the largest shortening strain is nearly radial; it is reported as E3.
weeks) was examined, all animals demonstrated shortening in a direction nearly parallel to the epicardial tangent plane; the average principal shrinkage strain (E1) ranged from -0.11 to -0.43, with its associated principal axis having a tip angle of 70 to 290. Unlike the expansion angle, the in-plane shrinkage angle showed very little variation from animal to animal, ranging from -2°to 350 (Fig 6) .
The late remodeling process in some animals was more complex than simple shrinkage associated with scarring. For pigs 13 and 17, the second principal (in-plane) strain was large and positive, indicating stretch in the plane, and the third principal strain was negative, suggesting wall thinning. For pig 13, the principal shortening strain occurred not in-plane but in a nearly radial direction and is listed as E3 rather than El in Table 1 .
Infarct Morphology and Histology
The average scar volume at autopsy was 5.1±0.9% of wall volume, and the average infarct axis angle relative to the left ventricular circumference was 87±70 (Table   2 ). Collagen-to-tissue ratios fell within the 0.7 to 0.9 range across most of the wall in each animal but dropped near the endocardium, falling below 0.5 in two animals (Fig 7) . The average collagen-to-tissue ratio was 0.73±0.08.
Discussion
The present study provides a detailed three-dimensional description of transmural finite deformation during infarct expansion and scarring. Five animals demonstrated expansion in a plane nearly parallel to the epicardial tangent plane and loss of systolic function at 1 week, followed by later scar shrinkage characterized by circumferential in-plane principal shortening, volume losses of 30% to 60%, and return of systolic wall thickening.
Systolic Deformation
Theroux et a19 studied changes in segment shortening and end-diastolic segment length in conscious dogs over 4 weeks after infarction using pairs of circumferentially oriented subendocardial crystals. Their one-dimensional results are in good agreement with our results. They showed a loss of segment shortening in the infarct zone after coronary ligation, with essentially no return of shortening (values <10% of control) at 3 weeks.
Based on segment shortening and wall thickness measurements during acute ischemia, Ross and Fran-klin26 concluded that "dynamic changes in wall thickness alone offer the potential for studying acute and chronic regional alterations in contractile function response to ischemic injury." However, when the full three-dimensional deformation of the scar region at 3 weeks is viewed in the present study, it is seen that the systolic motion was very different from control, with slight longitudinal shortening, offset by circumferential lengthening of the same magnitude, and dramatic wall thickening; both circumferential-radial (E13) and longitudinal-radial (E23) shears were very large. This pattern is suggestive of passive deformation, consisting of a shape change but no decrease in surface area in planes parallel to the epicardial surface and marked shearing of the endocardium relative to the epicardium. We believe the shearing motion lengthens each column of beads, resulting in apparent radial lengthening or wall thickening. Similar deformation patterns may result in errors in the echocardiographic estimation of infarct size and assessment of regional function in some patients after infarction.
Infarct Expansion
We defined local expansion as stretch along or near the epicardial tangent plane accompanied by wall thinning. By this definition, five animals demonstrated local infarct expansion at 1 week. The magnitude of the principal expansion strain was not related to the size of the scar region at necropsy. In addition, the direction of expansion was not related to the long axis of the infarct or to the local left ventricular geometry as reflected by our cardiac coordinate axes. Simple models used to predict wall stresses in the left ventricle predict higher stresses in the circumferential direction than in the longitudinal direction. If wall stress were as predicted by these models and played a role in infarct expansion, circumferential expansion of infarcts might be expected. Based on the variability in the expansion process observed in the present study, it is likely that the distribution of stresses near the infarct boundary is complex and poorly understood and that other factors, which vary from animal to animal, such as local curvature and heart size, local fiber anatomy, degree of disruption of the extracellular matrix, or neurohumoral response to infarction, may play a role in the expansion process. 
Scar Shrinkage
At 3 weeks after infarction, we report a decrease in the volume enclosed by our beadset of 30% at the epicardium and almost 60% near the endocardium. This agrees well with reports from Theroux et a19 (30% decrease in end-diastolic segment length 4 weeks after infarction in dogs), Roberts et a127 (55% decrease in planimetered infarct area after coronary ligation in rats), Jugdutt1" (60% decrease in infarct size at 4 weeks after infarction in dogs), and Choong et al10 (microsphere condensation consistent with a 36% volume loss at the epicardium and a 58% loss at the endocardium 6 weeks after infarction in dogs). Even without a return of contractile function in the damaged region, a reduction in the size of the dyskinetic area should result in improvement of overall ventricular function. This is confirmed by the results of Choong and coworkers,10 who found that microsphere condensation correlated highly with the return of segmental wall motion, and by Jugdutt," who observed an improvement of fractional area change with two-dimensional echocardiography at 6 weeks after infarction.
In addition to a reduction in volume, all animals demonstrated net shortening along an axis nearly parallel to the epicardial tangent plane between control and 3 weeks ( Table 1 ). Unlike the highly variable expansion direction already discussed, the in-plane shrinkage direction was nearly circumferential in all animals, varying from -2°to 35°. Whittaker et aV28 reported that collagen fibers in canine scars 6 weeks after infarction are oriented circumferentially in all layers, with an in-plane angle that varies from -14°at the epicardium to 120 at the endocardium. If myocardial collagen fibers align during healing in the direction of greatest applied stress, as do those in skin and tendon,29 then the following process might be hypothesized: greater circumferential wall stresses (predicted by models) lead to a circumferential orientation of collagen fibers during infarct healing, as reported by Whittaker et al. To explain the results of the present study, it also would be necessary to demonstrate that the healing region shrinks along the collagen fiber direction as healing progresses. This model of myocardial scarring is highly speculative, depending on oversimplified estimates of wall stress, healing properties that have been demonstrated in skin and tendon but not in myocardium, and collagen fiber measurements that have not been confirmed. Further investigation of the mechanisms involved in cardiac scarring, and particularly the effects of wall stress on those mechanisms, is needed.
The complexity of late remodeling that was seen in two animals is best visualized as a combination of potentially independent processes occurring simultaneously. At 1 week, pig 17 demonstrated a principal expansion strain of 0.13, with its axis oriented -57°from circumferential, no dimension change in the second in-plane direction, and wall thinning (Table 1) . At 3 weeks, although a shortening strain of -0.28 was seen oriented at 350, a net expansion strain of 0.36 was now present relative to control along an axis directed at -51°, and the wall had thinned further. Thus, expansion was continuing simultaneously with scar shrinkage. Pig 13 also demonstrated late expansion; between 1 and 3 weeks, in-plane stretch and wall thinning were seen with little change in the other principal direction.
Study Limitations
Based on prior studies,457 we expected the study of infarct expansion in a large animal to require a model that produced transmural infarcts involving at least 10% of the mass of the left ventricle. Kass et a17 point out that such transmural infarcts are rarely obtained by coronary ligation in dogs; they required a combination of ligation and embolization to create transmural infarcts for their study of canine infarct expansion. In contrast to the well-collateralized canine circulation, the porcine coronary circulation has few collaterals, making transmural infarcts easier to produce. (As shown in Fig 7, this model still may not produce fully transmural infarcts.) However, the choice of this model also imposed limitations on the study.
First, the pig is very sensitive to coronary ligation; even moderate ligations frequently result in ventricular fibrillation. We therefore limited the present study to an examination of small infarcts on the lateral wall of the left ventricle. The remodeling process we observed may differ substantially from the process that follows large infarcts. It may therefore be difficult to compare the results of the present study with other reports of expansion, which have generally focused on large infarcts. For example, infarcts studied by Hochman and Bulkley5 in rats averaged 30% to 40% of left ventricular mass; infarcts demonstrating expansion in a canine model created by Eaton and Bulkley4 averaged 19% of left ventricular mass; and expanded infarcts in a human autopsy study by Hutchins and Bulkley6 averaged 30% to 40% of left ventricular surface area.
Second, although the coronary anatomy of the pig is similar to that of a healthy human, most cardiac patients possess some degree of collateralization before infarction. The degree to which infarcts produced in the pig mimic the behavior of human infarcts or of infarcts produced in other animal models is uncertain. The time course of infarct healing is clearly much more rapid in the rat and rabbit than in larger animals and humans; important qualitative differences among species may exist as well.
Another important limitation of the present study is that observations were made over the first 3 weeks after infarction. It is unlikely that our final observations in these animals reflected fully mature scar tissue. Jugdutt and Amy13 found that hydroxyproline levels continued to increase between 4 and 6 weeks after coronary ligation in dogs, suggesting that scar maturation was continuing at this time. On the other hand, another study by Jugdutt1" demonstrated that the experimental rupture threshold of the ventricle remained constant between 3 and 6 weeks after infarction and infarct size showed no significant changes between 4 and 6 weeks after ligation. Thus, the principal geometric and mechanical changes in the infarct region may reach completion before the scar tissue is biochemically mature.
Sources of Error
The errors introduced by our measurement techniques have been discussed by Waldman et al, 19 and the errors and limitations of the finite element analysis method were detailed by McCulloch and Omens.23 For comparison with that discussion, the largest root-meansquared fitting error for any coordinate at any time period for any animal was 0.575 mm in the present study; as an example, the average fitting error for all end-diastolic frames in the study animals was 0.124 mm. These errors are similar to those reported by McCulloch and Omens and on average are considerably smaller than the measurement error in detecting the positions of the implanted markers; Waldman et al19 reported the spatial resolution of our tracking system to be 0.2 mm. As a second verification, finite element results were compared with results calculated from marker tetrahedra using the method of Waldman et al19; in all cases, the results of the two analyses agreed.
Other potential sources of error involve the use of the implanted markers themselves. First, the presence of the beads might interfere with the healing process. We consider this unlikely, as Shoukas et a130 found that the layer of connective tissue surrounding a 1.0-mm bead 4 months after implantation in dogs was approximately 0.1 mm thick. Second, we assumed that each bead remained fixed relative to the surrounding myocardium throughout the study. During an acute study, movement of a bead relative to the myocardium would result in beat-to-beat or frame-to-frame inconsistencies in the measured position of that bead. A sliding bead might cause the calculated local myocardial volume to change during the cardiac cycle (by conservation of mass, we know that these changes do not actually occur). We did not observe any of these changes in any of the animals studied. However, in an area of necrosis within the infarct, we cannot exclude the possibility that tissue resorption may have resulted in movement of some beads relative to the tissue between the control and later studies. Third, we have assumed that the inertia of the beadset, which weighs approximately 0.2 g, does not influence local deformation. Because control strain measurements obtained in our laboratory with a variety of bead sizes, including some four times heavier than ours, have produced similar results, it seems likely that this assumption is valid.
We would expect the comparison of end-diastolic data within a single animal to be very sensitive to changes in EDP. For this reason, EDPs were matched as carefully as possible across time for each animal. The widest range of EDPs used for a set of end-diastolic comparisons (control, 1-week, and 3-week studies) was 3 mm Hg in pig 3. The average range was only 1.5 mm Hg. In addition, to account for possible nonlinear relations between filling pressure and the remodeling deformations we were studying, similar matched EDPs were chosen in each animal. The complete range of EDP values for all diastolic data was 5.5 mm Hg.
Our control data were acquired in the open-chest state, whereas all subsequent studies were performed in the closed-chest state. We would expect the heart to be larger in the open-chest state than in the closed-chest state under positive-pressure ventilation. This might result in an underestimation of the magnitude of infarct expansion at 1 week and overestimation of the magnitude of subsequent scar shrinkage relative to control. In addition, all studies were performed with the animals under anesthesia, which would be expected to depress systolic function to a degree that varies with the level of anesthesia and therefore to some degree from study to study and animal to animal.
In conclusion, we have presented a detailed threedimensional description of local geometric and functional changes occurring in the infarct region during the first 3 weeks after coronary ligation in the pig. We have demonstrated that infarct expansion is a complex process, potentially occurring simultaneously in a single region with scarring. Furthermore, we have demonstrated that myocardial scar shrinkage is very different from the highly variable expansion process, occurring in the circumferential direction in each animal studied. We conclude that different factors may control infarct expansion and subsequent scarring. Finally, we have observed significant wall thickening without return of in-plane systolic function at 3 weeks in each of five animals studied. From this observation, we conclude that measurements of systolic wall thickening alone are not always adequate to assess the functional status of the myocardium after infarction.
